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Introduction
High resolution structures of membrane-embedded proteins are of considerable interest for improving our understanding of fundamental biological processes and are essential for drug development. In recent years, the traditional methods of structure determination, solution nuclear magnetic resonance (NMR) spectroscopy (Reckel et al. 2011; Liang and Tamm 2007; Oxenoid and Chou 2005; Hwang et al. 2002; Fernández et al. 2004; Fernández et al. 2001; Arora et al. 2001; Schnell and Chou 2008; Renault et al. 2009 ) and X-ray diffraction Cherezov et al. 2007; Pryor et al. 2013; Hino et al. 2012; Brunner et al. 2014; Shimamura et al. 2011; Doré et al. 2011) , have met with some success at determining de novo structures of membrane proteins. However, both methods are often applied to membrane proteins solubilized in detergent micelles and X-ray diffraction experiments are typically done at cryogenic temperatures. These conditions may detract from the biological relevance of the observed structures. Ideally, one would want to determine structures of membrane proteins in conditions that are as physiologically relevant as possible, i.e. in lipid bilayers that closely mimic the cellular membrane.
The challenge of structural biology studies in membrane bilayers is being addressed directly by solid state magic angle spinning NMR (MAS NMR) spectroscopy. Over the years, MAS NMR has elucidated details of membrane protein function including important studies of bacteriorhodopsin (Bajaj et al. 2009; Mak-Jurkauskas et al. 2008; Lansing et al. 2002; Griffiths et al. 2000b; Griffiths et al. 2000a; Hatanaka et al. 1999; Hu et al. 1998; Lakshmi et al. 1993 ; Thompson et al. 1992; Harbison et al. 1985; Ahuja et al. 2009 ), potassium channels (Bhate and McDermott 2012; Bhate et al. 2010; Schneider et al. 2008b; Ader et al. 2008; Lange et al. 2006) , the acetyl choline receptor (Williamson et al. 1998; Williamson et al. 2007; Krabben et al. 2009 ), and a large number of applications are described in several recent reviews (Eddy and Yu 2014; McDermott 2009; McDermott 2004; Cross et al. 2014; Hong et al. 2012) . Membrane protein structures have been determined from approaches combining MAS NMR spectroscopy with Xray diffraction (Tang et al. 2011) , using oriented solid state NMR spectroscopy (Park et al. 2012) , and with solution NMR spectroscopy (Verardi et al. 2011) . De novo structures of relatively large membrane proteins and membrane protein complexes have been reported from restraints generated exclusively from MAS NMR spectroscopy (Wang et al. 2013) . These studies pave the way for an improved understanding of the complex interactions between lipid bilayers and membrane protein structure and dynamics within a cellular context. The first step in de novo NMR structure determination is the assignment process. This involves identifying individual resonances of backbone and side chain nuclei in multidimensional experiments, establishing correlations among observed signals, and associating connected resonances to specific amino acids from the protein sequence. As the assignment process requires relatively large amounts of homogeneous, isotopically labeled samples that yield high resolution spectra, sample preparation has often been the bottleneck in the assignment process and de novo structure determination of membrane proteins. Nevertheless, in recent years a number groups have successfully prepared membrane protein samples of very high quality for MAS NMR spectroscopy and obtained partial or nearly complete assignments with a combination of selective isotopic labeling and multidimensional correlation experiments (Li et al. 2008; Frericks et al. 2006; Etzkorn et al. 2007; Zhou et al. 2012; Shi et al. 2009c; Shi et al. 2009b, a; Higman et al. 2009; Hiller et al. 2008a; Hiller et al. 2005; Andreas et al. 2010; Varga et al. 2007; Schneider et al. 2008a ).
The human voltage dependent anion channel isoform 1 (referred to here as VDAC) is an integral membrane protein that is the main pathway of ion transport across the outer mitochondrial membrane (Mannella 1997; Hodge and Colombini 1997; Rostovtseva and Colombini 1996; Schein et al. 1976) . Despite the huge progress of determining structures from solution NMR (Hiller et al. 2008b ), X-ray diffraction data (Ujwal et al. 2008) , and a combination of the two approaches (Bayrhuber et al. 2008 ) of the open state of VDAC, a structural explanation for the mechanism of gating between open and closed states remains elusive. Some studies have suggested a lipid bilayer environment may be required to observe full VDAC function (Shanmugavadivu et al. 2007 ); thus our efforts aim to delineate the influence of the surrounding bilayer on the structural properties of the channel.
Here we present the partial NMR assignments for VDAC samples reconstituted into lipid bilayers. Previously, we demonstrated that VDAC reconstituted into DMPC lipids could form highly homogeneous samples of 2-dimensional lipid crystals that yielded spectra with good dispersion and narrow line widths of less than 0.5 ppm for both 13 C and 15 N nuclei at 750 MHz field strength (Eddy et al. 2012) . Importantly, electrophysiological measurements performed on the same samples demonstrated that channels were functionally active and did not require the presence of cholesterol or detergents to properly gate (Eddy et al. 2012 ).
In the present study, a combination of two-dimensional and three-dimensional heteronuclear correlation experiments and selective isotopic labeling yielded assignments for 90 out of the 283 residues of the full length protein, including complete backbone and side chain assignments for the first 25 residues, which comprise the functionally important N-terminus.
Nearly complete backbone chemical shift assignments of VDAC in detergent micelles have been reported, but so far assignments of VDAC in lipid bilayers are primarily limited to some of the residues among the first 20 of VDAC in lipid vesicles (Schneider et al. 2010 
Experimental Section
Materials. 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was obtained from Avanti Polar Lipids (Alabaster, AL). Octylpolyoxyethylene (Octyl-POE) was obtained from Bachem (King of Prussia, PA). All other non-isotopically labeled reagents were obtained from
Fisher. Isotopically labeled reagents used for VDAC expression were obtained from Cambridge Isotope Labs (Andover, MA).
Preparation of VDAC/DMPC 2D crystals. Protocols for expression, refolding, and purification of recombinantly expressed human VDAC were based on the work of Malia and
Wagner (Malia and Wagner 2007) and Hiller et al (Hiller et al. 2008b ). 2D crystals were prepared according to the procedures published in Eddy et al. (Eddy et al. 2012) , modified from the protocol originally described by Dolder et al. (Dolder et al. 1999) . 15 N-13 C correlation spectra were acquired using ZF-TEDOR (Jaroniec et al. 2002b; Hing et al. 1993 ).
3D NCOCX and NCACX experiments were acquired using pulse sequences implementing scalar decoupling described by Ladizhansky and coworkers (Shi et al. 2008 48(t1)x64(t2)x2048(t3) with t1, t2, and t3 increments of 240 µs, 160 µs, and 11 µs, respectively for total evolution times of 11.5 ms, 10.2 ms, and 22.5 ms. The sample temperature was calibrated at a given spinning frequency with a specified amount of cooling gas and probe duty cycle by measuring the chemical shift of 79 Br as described previously (Thurber and Tycko 2009 (Goddard and Kneller) . For displaying processed data in Sparky, the first contour level was cut at 4σ with each additional level multiplied by 1.2σ. 1D data sets were processed using the Bruker TopSpin 3.2 software package. Each spectrum was processed using the squared sine window function with an SSB of 3. Data was zero filled to 4096 points prior to Fourier transformation.
Results

One-and Two-dimensional Spectroscopy and Sample Quality
We first acquired one-dimensional 13 C cross polarization (CP) (Pines et al. 1973 ) and 13 C
INEPT spectra to qualitatively probe for possible motion on very fast time scales, such as observed for regions of protein samples that have very long proton T 2 values, which are found for residues in very flexible regions including long C-termini or extensive loops (Etzkorn et al. 2007; Andronesi et al. 2005) . C CP spectrum was obtained with 256 scans, the 15 N CP spectrum was obtained with 1024 scans, and the INEPT spectra were obtained with 4096 and 1024 scans for B and C, respectively. As a visual aid, the spectrum in (C) was scaled by a factor of 2.8 relative to the spectra in (A) and (B).
TEDOR experiments averaged 192 and 256 scans, respectively, over total experiment times of 120 and 96 hours. The temperature was maintained at 278 K for both experiments.
To establish a starting point for assignments, we prepared several specifically labeled samples where 13 C, 15 N labeled amino acids were added to M9 minimal media and all other amino acids were added unlabeled at a final concentration of 1 mM. The addition of 1 mM unlabeled amino acids minimized scrambling, and a second sample prepared without the unlabeled amino acids showed significantly more peaks that were not from Val, Pro, or Phe residues (data not shown).
One combination where this worked well was with a sample prepared from 13 C, 15 N Val, Pro, and Phe. 2D 13 C-13 C and 15 N-13 C correlation spectra of VPF-VDAC are shown in Figure 2 .
One-bond intraresidue 13 C-13 C contacts were obtained with radio frequency-driving recoupling (RFDR) (Bennett et al. 1998 ) using a short mixing period and one-bond intra-and interresidue 15 N-13 C contacts were obtained with ZF-TEDOR (Hing et al. 1993; Jaroniec et al. 2002a) optimized with a short mixing period. These spectra permitted identification of sequentially labeled residues. Because of the relatively low occurrences of pairs of V, P, and F residues, we could immediately identify 15 N-13 CO contacts for the segment V3-P4-P5 from the N-terminal region. These assignments were confirmed from long-range inter-residue contacts identified in experiments employing long PDSD mixing (200-300 ms). The favorable spectral dispersion and number of peaks with unique chemical shifts permitted assignment of several additional residues.
These early assignments provided anchor points for subsequent assignments from more complex 2D and 3D data sets. The sample also helped to validate assignments obtained from 3-dimensional experiments on uniformly labeled VDAC (vide infra).
Three-dimensional Spectroscopy, Resonance Assignment Strategy, and Isotopic Labeling Approaches
The overlap of signals from different amino acids can impede the resonance assignment significantly, particularly in larger proteins. To address this problem, several groups have reported on the benefit of so called reverse isotopic labeling (Shi et al. 2009a; Etzkorn et al. 2007; , where certain unlabeled amino acids are added to E. coli growth media in the presence of uniformly labeled glucose. The resulting sample, in principle, is uniformly labeled except for the selected amino acids. In our experience, the amino acids Trp, His, Ile, Phe, Leu, and Tyr appeared to provide the most specific labeling with minimal to no scrambling of 13 C labels, consistent with previously reports (Shi et al. 2009a Figure 3 , with expansions of 13 C-13 C aliphatic regions shown in the middle and right panels highlighting the simplified spectra observed with reverse labeling. We N-VDAC (red), FLY-reverse labeled VDAC (blue), and WHIFY-reverse labeled VDAC (black). All spectra were acquired at 750 MHz 1 H field strength, 12.5 kHz MAS frequency, with 1.3 ms RFDR mixing and 83 kHz TPPM 1 H decoupling during evolution and acquisition periods. The middle and right panels are expansions of the full aliphatic-aliphatic spectra for the same regions with each labeling scheme. Each experiment averaged 32 scans with a total acquisition time of approximately 24 hours per experiment. The temperature was maintained at 278 K for each experiment.
attempted to prepare samples with reverse labeling of Ala, Ser Thr, and Gly, but these showed significant signals from the residues that were intended to be unlabeled and also showed a complex labeling pattern for other residue types.
Although the resolution and dispersion in 13 C-13 C 2D correlation experiments are exceptionally good, reliable, unambiguous assignments could not be obtained from 2D spectra alone, even with selectively forward or reverse labeled samples. The reason for this is the significant spectral crowding in 2D heteronuclear 15 N-13 C spectra and in the CO-aliphatic regions of 2D homonuclear correlation spectra that are needed for establishing unambiguous backbone correlations. To overcome this issue, we measured 3-dimensional heteronuclear experiments on uniformly and selectively labeled VDAC. 3D-NCACX experiments established intraresidue correlations and 3D-NCOCX experiments established interresidue correlations between residue i and residue i-1. We obtained unambiguous assignments by combining 3D-NCACX and 3D-NCOCX spectra with resolved signals from the aliphatic-aliphatic regions of 2D 13 C homonuclear correlation experiments. 2D strips from 3D correlation experiments are shown in Figure 3 , illustrating a typical backbone walk from residues 11 to 18. The most useful experiments were on uniformly labeled samples obtained with relatively short DARR mixing for predominantly one-bond carbon-carbon transfers, and also longer DARR mixing to obtain more extensive contacts among side chain resonances.
We also prepared samples using 1,3-13 C or 2-13 C glycerol as carbon sources. The resulting labeling scheme has been well characterized and is known to produce a checkerboard or alternating pattern (Higman et al. 2009 ). While this labeling did improve 13 C line widths, especially for C α sites, low fractional labeling of the side chains resulted in significant loss of relayed polarization and ultimately low signal intensities were observed. Low intensities or missing peaks for some residues were also noted in uniformly labeled samples, possibly due to dynamics interferring with polarization transfer or decoupling. The situation was exacerbated for the glycerol labeled sample. Due to the low signal-to-noise in 3D spectra we chose not to include it in the current analysis in order to report the most reliable assignments possible.
Summary of Assignments and Assignment Table
Based on analysis of two-dimensional and three-dimensional correlation experiments, we were able to assign 90 residues or 327 13 C and 15 Figure 5C . Comparable resolution between the two spectra are observed. Additionally, Figure 5D shows an overlay of a 2D 15 N-13 C 
Discussion
Secondary Structure Analysis and Comparison with Detergent Micelle and DMPC Liposome Preparations
To obtain information on the secondary structure of the assigned VDAC residues, we inputted chemical shifts for assigned C α , C β , CO, and N backbone residues into the program TALOS+, which empirically predicts phi and psi torsion angles (Shen et al. 2009) . This allowed us to analyze the predicted secondary structure for VDAC in DMPC 2D lipid crystals for the entire N-terminus and a number of beta strands and loop regions.
VDAC's N-terminus has been observed to be critical for channel gating and important in various cellular functions. We were first interested to see how the secondary structure of this region compared for VDAC preparations in different lipid or micelle environments. To compare predicted secondary structures for VDAC in LDAO micelles and DMPC liposomes we inputted the chemical shift assignments of VDAC in DMPC liposomes (Schneider et al. 2010 ) for residues 2 through 17, and the chemical shifts for residues 6-10 from Hiller et al. (Hiller et al. 2008b) . A comparison of all three sets of predicted torsion angles for the first 22 residues is shown in Figure 6 . Overall, there is good agreement among the three sets of predicted torsion angles, showing similar secondary structure predicted. The largest difference appears for residue G11.
However, glycine appears not to be a sensitive reporter of protein conformation due to its lack of the Cb site, which is an important determinant for the dihedral angle calculation via TALOS.
Figure 6:
Comparison of predicted torsion angles of residue 1-22 for VDAC reconstituted into DMPC 2D lipid crystals (red circles, data of current study), DMPC liposomes (black triangles, (Schneider et al. 2010) ), and LDAO micelles (blue squares, (Hiller et al. 2008b) ). Torsion angles were empirically predicted using TALOS+.
Next we compared secondary structure predictions for assigned residues beyond the Nterminus for VDAC in 2D lipid crystals and VDAC in LDAO micelles. As with the comparison of N-terminal residues, assignments of VDAC in LDAO were taken from Hiller et al. Again we used TALOS+ to predict the secondary structure using N, C α , C β ,, and CO chemical shifts. Figure 7 shows a plot comparing the two sets of TALOS+ predicted secondary structures.
Overall, the predicted backbone torsion angles between VDAC in LDAO and in 2D DMPC lipid crystals appear similar. However, some residues show significant differences in torsion angles. Figure 7 . Plot of the TALOS+ predicted torsion angles of VDAC in DMPC lipid bilayers from the present study and predicted torsion angles from the published chemical shifts for VDAC solubilized in LDAO detergent micelles (Hiller et al. 2008b) . Secondary structure types are indicated at the top and in the figure legend.
All residues showing large differences (larger than 100°) are located at loop regions of the membrane protein. Furthermore, six out of ten residues showing medium differences (between 25° and 100°) are located at loop regions as well. These residues are located near the interface between the membrane-spanning region and solvent accessible region of VDAC, illustrated in Figure 8 . Differences in predicted torsion angles for these regions could arise from different interactions between VDAC and LDAO or DMPC lipid bilayers, or another explanation could be the presence of protein-protein contacts between layers in the 2D crystals.
Based on our preliminary assignments and secondary structure analysis, the outlook for de novo structure determination of beta barrel membrane proteins with solid state NMR spectroscopy is very promising. It is worth noting that for many beta barrel membrane proteins, loop regions are often unobserved because of line broadening due to conformational exchange in detergent micelles. Thus MAS NMR may have a distinct advantage, not only offering structure Figure 8 . 3D structure of VDAC illustrating medium and large differences in predicted torsion angles between VDAC in LDAO micelles and DMPC 2D lipid crystals. Residues showing differences are shown as spheres. Large differences in PHI and PSI angles (larger than 100°) are shown in dark blue or dark red, respectively. Medium differences in PHI and PSI angles (between 25° and 100°) are shown in light blue or light red, respectively. Structures were generated from PDB ID 3EMN using the Pymol software package.
determination of membrane proteins in lipid bilayers but in principle more complete assignments may be obtained.
